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I. INTRODUCTION
The early stages of the nucleation and growth of ultrathin
metal films have been investigated with increasing detail
over the last decade ~see Refs. 1 and 2 and references
therein!. Atomistic properties such as hopping barriers for
isolated adatoms, and the influence of adjoining steps, cor-
ners, or adatom-adatom interactions on these barriers, have
been determined from a quantitative analysis of island den-
sities, sizes, and shapes as a function of deposition tempera-
ture, flux, and coverage. Such experimental studies mostly
utilize scanning tunneling microscopy ~STM!. These are in-
terpreted by comparison with predictions from theoretical
models.3
Traditionally, theoretical modeling begins by considering
the formation of islands with a critical island size i, i.e.,
aggregates composed of more than i adatoms are stable. Re-
cently, a variety of realistic lattice-gas models was analyzed
in great detail using kinetic Monte Carlo ~KMC!
simulations.2 Such a modeling can readily incorporate such
features as dimer mobility,4,5 longer-range attractions,6 and
adatom detachment from larger islands of all sizes,7 or ex-
plicitly model island shapes by including adatom mobility
along island edges and around corners.8–10 They allow an
increasingly more realistic characterization of the actual film
growth process, which correctly describes subtle correlations
between island sizes and separations, as well as the island
size distribution.11
Somewhat neglected, however, have been the effects that
come into play when the growth process approaches the limit
of low temperatures ~T!. This occurs when the adatom mo-
bility is slowed down so much that the supersaturation den-
sity of adatoms ~due to deposition! is not reduced to its equi-
librium value until long after deposition ceases, and
saturation of the island density during deposition is reached
only at relatively high coverages. Traditionally, this regime is
excluded by limiting the studies to the regime of sufficient
adatom mobility, as determined by the condition h/F.105,
with h denoting the hop rate for terrace diffusion, and F the
adatom deposition rate.1 Brune and co-workers recently re-
ported on these low temperature effects in Ag/Pt~111! ~Ref.
6! and Cu/Ni~100! ~Ref. 12! heteroepitaxy, and also per-
formed theoretical analyses.
These authors introduced the terms post-deposition nucle-
ation and post-deposition growth.13 In the former case, some
monomers still present after the end of the deposition will
undergo further nucleation events, increasing the number of
stable islands after deposition is finished, while the rest of
the monomers aggregate with existing islands. In the latter
case, all these monomers attach to existing islands, so the
monomer density will decay with time, while the island den-
sity remains constant. We note that post-deposition nucle-
ation is connected in a simple way to the question of whether
the island density has reached its saturation level or not. If
this density has saturated during deposition, further nucle-
ation is insignificant for continuing deposition, and even
more so if deposition is terminated ~at least for constant T!.
Hence post-deposition nucleation is only possible if the de-
posit has not reached its saturation island density, unless T is
lowered after deposition.
In the present paper, we report and discuss results of a
combined experimental and theoretical study on low tem-
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perature effects on the homoepitaxial growth on Ag~100!. We
employ variable temperature scanning tunneling microscopy
~VT-STM!, as well as kinetic Monte Carlo simulations. Spe-
cifically, we present a detailed quantitative investigation of
the post-deposition dynamics ~absent in our previous stud-
ies!, incorporating the effects of a post-deposition tempera-
ture quenching, and highlighting the sensitivity of this dy-
namics to the terrace diffusion rate. The Ag/Ag~100! system
has been extensively studied in the past,14 testing fundamen-
tal ideas about submonolayer nucleation,15 multilayer kinetic
roughening,16,17 and post-deposition relaxation.18–20 Thus
basic aspects of the growth process are established:15 island
formation during deposition is irreversible (i51) below 320
K; dimer diffusion does not play a significant role in this
process; and the activation energy and prefactor for terrace
diffusion were determined. The data in this study, however,
allow the most accurate assessment of these key parameters.
This information provides a rigorous test for the present
study, since any physically reasonable modeling of the low
temperature behavior must also reproduce the higher tem-
perature growth characteristics ~cf. Ref. 21!.
The paper will be organized as follows. After a brief ac-
count of the experimental and calculational procedures, we
first illustrate temperature effects on the nucleation behavior
in the temperature range between 125 and 300 K with a
sequence of STM images. We then focus on the relaxation of
the monomer and island density with time, after deposition
was stopped. This reveals the time scale of the relaxation
process as compared to typical experimental times, in par-
ticular the time between the end of deposition and the start of
the STM measurement. In Sec. II, we follow the evolution of
monomer and island densities with coverage in order to ob-
tain reliable measures of the minimum coverage required for
the island densities to saturate at 125 K. We then evaluate the
temperature dependence of the island density, including pos-
sible effects due to subsaturation coverages or post-
deposition growth and post-deposition nucleation. The re-
sults will be discussed in light of the KMC simulation results
for a fairly simple atomistic model, which nonetheless suc-
cessfully captures all the essential features of the deposition
and relaxation processes.
II. EXPERIMENTAL AND MODEL DETAILS
The experiments were performed on a variable-
temperature ultra high vacuum STM system at the University
of Ulm, which is described in detail elsewhere.22 In brief, it
is equipped with a home-built beetle type scanning tunneling
microscope designed for operation at various temperatures in
the range from 115 up to 500 K, and standard techniques for
surface preparation and characterization. These include low
energy electron diffraction ~LEED!, x-ray photoelectron
spectroscopy ~XPS!, Auger electron spectroscopy ~AES! and
low energy ion scattering spectroscopy ~ISS!. Liquid N2
cooling and radiative heating of the sample back face al-
lowed the sample temperature to be varied between 115 and
500 K while tunneling, with the temperature being directly
measured at the sample.
STM images were recorded at constant current, typically
at tunnel currents around 1 nA and tunnel voltages between
0.5 and 1 V. This way tip induced effects are minimized,
which is particularly important for small islands. Island sizes
and coverages were generally determined by using the full
width at half maximum of the islands. For comparison, other
methods were also employed in selected cases. Although this
procedure removes tip effects in STM imaging to a large
extent, it may slightly overestimate the size of small islands.
STM images are presented as gray level top view presenta-
tions, with brighter shades corresponding to higher levels.
Absolute heights are accessible from the mostly monolayer
height steps.
The Ag~100! single crystal was prepared by repeated
cycles of Ar1 ion sputtering ~1.2 keV! and subsequent an-
nealing at temperatures of about 850 K, until STM images
revealed a well ordered topography with terraces of several
hundred angstroms width, and no contaminants could be de-
tected spectroscopically or in STM. Ag was evaporated from
a Knudsen cell, typically using a flux of about 0.006 ML/s @1
ML is equivalent to a full (131) layer#, which were cali-
brated against STM-determined coverages of submonolayer
Ag films.
The simulations were performed both at the University of
Konstanz and Iowa State University, using models that are
slightly different in detail, but which agree in their basic
characteristics.23–25 Specifically, they incorporate irreversible
~or effectively irreversible! nucleation and growth of islands
mediated by terrace diffusion of atoms deposited on the sub-
strate, and by a direct deposition of atoms on top of islands.
The mobility of dimers and other small clusters is neglected,
as it is not significant during deposition. Island growth was
described by placing adatoms which land on top of islands,
or which diffuse across the substrate to island edges, imme-
diately at an edge site of highest coordination. Although this
computationally efficient scheme does not incorporate the
distinct finite rates for various edge diffusion processes, it
does accurately describe island structure and growth since
edge mobility in this system is far higher than terrace
mobility.26 Specifically, it leads to compact island shapes,
and avoids the formation of ramified island structures, which
are not observed experimentally and which would have a
higher propensity for capturing mobile adatoms.
Various refinements to the above modeling have been
implemented. We will allow adatoms reaching sites either
nearest-neighbor ~NN! or diagonal ~i.e., next! nearest-
neighbor ~NNN! to other adatoms to immediately nucleate or
aggregate ~whereas NN sites must be reached in the ‘‘canoni-
cal’’ models above!. This choice reflects the feature that ac-
cording to semi-empirical studies of energetics in metal~100!
homoepitaxial systems, the activation barrier for hopping
from NNN to NN sites is far below the barrier Eh for terrace
diffusion.27–29 The above can be regarded as a specialized
version of ‘‘easy attachment’’ at island edges utilized in mod-
eling of the Ag/Pt~111! system by Brune et al.6 In that sys-
tem, hopping toward step edges was considered to be en-
hanced. In our case only attachment at corners is enhanced,
since the above semi-empirical studies indicate no significant
reduction in the activation barrier for hopping towards step
edges ~from sites two lattice constant away!. It should also
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be remarked that enhanced nucleation is more important than
enhanced attachment in our model. In any case, we empha-
size that the behavior in our model is controlled by a single
parameter h/F . Based on previous room-temperature studies
of Ag/Ag~100! growth,15 we write the hop rate ~per direc-
tion! for terrace diffusion as h5nexp@2Eh /(kBT)#, and
choose Eh50.40 eV and n5531012 s21.30
III. RESULTS
The influence of temperature on the submonolayer growth
behavior in Ag~100! homoepitaxy below room temperature is
illustrated in a sequence of STM images in Fig. 1. The im-
ages were recorded after deposition at various temperatures
~T! between 180 and 300 K, at a deposition rate of 0.006
ML/s, and subsequent quench to 120 K. The deposit amounts
to 0.1 ML as determined by STM. In all cases, the islands are
of monolayer height, with no evidence for any second layer
nucleation. As expected, the island size increases with tem-
perature, while the island density decreases. In the medium
and higher T range, the islands assume pronounced square
shapes. However, for the small islands obtained below 200
K, the islands are still compact, but their shapes are no
longer well resolved. Their somewhat frizzy appearance is
not likely due to temperature-induced fluctuations in the is-
land edge positions at this low T. Instead, it is probably
caused by interaction with the tip.
A quantitative evaluation of the island density is presented
in Fig. 2, where the logarithm of the island density, derived
from a large number of similar images, is plotted against the
inverse deposition temperature. The broken line, with a slope
equivalent to the hopping barrier of Eh50.40 eV determined
previously, represents an excellent fit to the data points above
180 K, while at lower temperatures the experimental values
bend over to lower island densities than expected. Hence,
traditional mean-field nucleation theory using parameters de-
termined previously from behavior for higher T provides a
good description for the growth behavior above 180 K. The
deviations at lower temperatures are tentatively assigned
~primarily! to post-deposition effects. These lead to low-T
deviations in the island density similar to those observed for
other systems.1,6,12 The extent of these deviations, however,
has to be quantified, and should be consistent with the high-T
growth behavior and with the atomistic quantities derived
previously.
In order to assess the time scale of the relaxation pro-
cesses possible after the deposition was stopped, we fol-
lowed the evolution of the island and monomer density with
time, during deposition and for 3600 s after deposition. The
KMC simulations in Fig. 3 show the island density ~dashed
line! and the combined island-plus-monomer density ~full
line! as a function of time for two different deposition tem-
peratures, 152 K @Fig. 3~a!# and 128 K @Fig. 3~b!#. The
monomer density is given by the difference between these
two curves. Experimental data are included as filled points.
In both cases, T was kept constant after deposition. The end
of the deposition is marked by a dotted vertical line. At T
5152 K, the simulations show that the monomer density de-
clines rapidly and has effectively vanished after 50 sec. The
island density, on the other hand, does not vary much during
this time, causing the island-plus-monomer density to de-
cline slightly during the first 50 sec., and then stay constant.
Hence the monomers still present after deposition largely
FIG. 1. Sequence of STM images of size 25325 nm2 recorded
after deposition at the temperatures indicated (F
50.006 ML/s,udep50.1 ML).
FIG. 2. Experimentally determined island-plus-monomer densi-
ties ~d! at different temperatures. The broken line indicates the
Arrhenius slope of E5Eh/3, for Eh50.40 eV and a critical cluster
size of i51 (F50.006 ML/s,udep50.1 ML).
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attach to existing islands. The time dependence found in
these simulations fits well to the experimental data obtained
in a sequence of STM images, which show that the experi-
mentally determined island density is practically constant
over the time it was recorded, starting about 30 min after
deposition. ~Fluctuations in the data result from the fact that
for each data point only a single STM image could be evalu-
ated.! Thus, at 152 K, the monomer decay after deposition
occurs practically exclusively via attachment to existing is-
lands, i.e., via post-deposition growth processes.
The behavior for the lower deposition temperature of 128
K looks quite different. After deposition (tdep512 s, F
50.0042 ML/s,udep50.1 ML), the monomer density decays
much more slowly, in agreement with expectations. Now the
monomer decay leads to a significant increase in island den-
sity, by a factor of roughly 2. Hence a significant fraction of
the monomers was engaged in nucleation events ~about 50%
based on simulations!, the remaining fraction being con-
sumed by growth of existing or new islands. Correspond-
ingly, at these temperatures, post-deposition nucleation plays
an important role. The decay in island-plus-monomer density
in the later stages of growth is reflected also by the experi-
mental data points, which were again taken starting about 30
min after deposition was stopped. Despite the scatter in the
data ~see above!, this combined density exhibits a clear
downward trend, roughly by about a factor of two over the
observation period of 30 min. Also, in this case, much of the
monomer diffusion had occurred before the STM observa-
tions had started, but even after that monomer mobility still
leads to appreciable changes in the film morphology. Most
important, in both cases experimental data agree with simu-
lations of atomistic models using parameters based on high
temperature growth characteristics.
In a next step, we want to evaluate the influence of post-
deposition processes also in the intermediate temperature
range between 180 K ~where the high temperature limit
seems to be reached!, and around 120 K ~where time-
resolved STM measurements can resolve the changes in
island-plus-monomer density in these processes!. This was
done by mirroring the experimental process in the simula-
tions: deposition was performed at a specified Tdep , and after
deposition, the temperature was lowered to a final lower Tfin ,
mimicking the quench process. The temperature decay was
modeled by an exponential decay function, T(t)5Tfin
1(Tdep2Tfin)3exp(2kt), with the decay constant being set
to k50.008 s21 in order to reproduce the average cooling
behavior.
Using this temperature program, the growth process was
simulated in the same way as described before for the simu-
lations at constant temperature in Fig. 3. The temporal evo-
lution of the island density ~dashed curves!, and island-plus-
monomer density ~full curves! for different deposition
temperatures between 125 and 180 K is shown in Fig. 4 (F
50.006 ML/s,udep50.1 ML). Upon decreasing T, two trends
become apparent: the time scale for post-deposition pro-
cesses increases strongly, and the island density by the end of
deposition remains well below its saturation value.
The nature of the post-deposition dynamics is readily un-
derstood. Consider first the simpler cases of an infinitely fast
quench or no quench, where the only process active in the
temperature regime considered is monomer hopping at a
constant rate h. The characteristic time tc for relaxation is
such that the monomer diffusion length (htc)1/2 is equal to
FIG. 3. Simulated time evolution of the island density ~dashed
curve!, and island-plus-monomer density ~full line! at two different
temperatures, comparing simulations for the model with NNN ag-
gregation with experimentally determined island-plus-monomer
densities ~points!. ~a! Deposition ~circa 0.1 ML, tdep516.6 s, so F
50.006 ML/s) and subsequent STM measurement at 152 K. ~b!
Deposition ~0.05 ML, tdep512 s, so F50.0042 ML/s) and STM
measurements at 128 K.
FIG. 4. Simulated time evolution of island density ~dashed
curve!, and island-plus-monomer density ~full curve! for the model
with NNN aggregation for deposition at different temperatures, be-
tween 120 and 180 K (F50.006 ML/s,tdep516.6 s,udep
50.1 ML), and subsequent quench to 120 K. During the quench
the temperature evolution was modeled by an exponential decay,
with T(t)5Tfin1(Tdep2Tfin)exp(2kt), with Tdep being the tem-
perature before the quench, Tfin5120 K, and k set to 0.0008 s21.
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the mean distance LNN , to the nearest monomer or island.
(LNN is controlled by the mean island separation except for
very low T where the monomer density is high, so their
separation is low.! Changing the temperature, in the absence
of deposition, just slows down or enhances the monomer
mobility, but will not affect the relative rates of competing
processes ~within the limits of the present model!. Hence the
temperature quench leads to a distortion of the time scale, as
compared to an infinitely fast or no quench, but does not
alter the final outcome of the relaxation process.
Another effect to be considered in low temperature depo-
sition is the increasing coverage required for reaching the
saturation island density. Hence, a coverage of 0.1 ML,
which is experimentally convenient because the islands are
still well separated, may be too low to reach the saturation
island density at the low T considered here. This question
can be answered by looking at the simulation data shown in
Fig. 4. In the high-T limit, the increase of the island density
with coverage becomes very small ~which is equivalent to
being close to or at the saturation island density!. However,
this is no more the case at temperatures <160 K. The steep
slope of the island density at 0.1 ML clearly indicates that
under these conditions the saturation island density is not
reached, leading to deviations from the ‘‘ideal’’ high tem-
perature behavior as observed in Fig. 2.
Comparison with experimental data can be made in a set
of experiments, where increasing amounts of Ag, up to 0.09
ML, were deposited at temperatures around 125 K and at a
fixed, rather low, deposition rate (F50.000695 ML/s). The
resulting island-plus-monomer densities are given as filled
dots in Fig. 5. For the related simulations, we considered that
after deposition, the sample remained practically at the depo-
sition temperature, and was analyzed between 1 and 4 h later.
Therefore, the simulations included a waiting time of 1 h
after the deposition was stopped, at the temperature of the
respective experiment ~In reality, the sample may cool down
slightly during that waiting time to temperatures between
125 and 120 K. Because of the ill-defined final temperature,
we did not include this in the simulations.! The deposition/
measurement temperatures and coverage values are tabulated
in Table I. Incorporating NNN ~rather than just NN! attach-
ment, as described in the experimental and modeling section,
the simulation data provide an excellent fit to the observed
island density, given the statistical uncertainty. ~The latter
can be assessed from the distance between the two experi-
mental points at 0.054 ML, where the deposition conditions
were identical.! Overall, the different tests described so far
yielded very good agreement between experimental data and
simulations, which allowed for post-deposition effects, but
otherwise used the same parameters and model characteris-
tics as used previously for describing the higher temperature
nucleation and growth behavior.
Based on these results we finally return to the analysis of
the temperature-dependence of the experimental island-plus-
monomer densities ~Fig. 2!, which are replotted in Fig. 6 as
filled dots. These densities were simulated: ~a! directly after
deposition ~dashed curves in Fig. 6!; and ~b! after a waiting
time of 3600 s where the sample was allowed to cool down,
following the temperature-time relation described above
~solid curves in Fig. 6!. We also compare simulation results
for NNN aggregation ~thick curves!, and just NN aggrega-
tion ~thin curves!. Also shown in the inset are the simulation
results for the maximum island density ~dashed line! ob-
tained by continued deposition.31 It is clear that the deviation
of experimental data from the Arrhenius line starting at tem-
peratures ,180 K is mainly attributable to post-deposition
effects, specifically to a decrease in the island-plus-monomer
density due to aggregation of monomers. The data which do
include post-deposition processes represent an almost ideal
fit to the experimental data ~for either NN or NNN aggrega-
tion!. For very low temperatures, the deviation from Arrhen-
ius behavior reflects a transition to statistical growth behav-
ior ~i.e., a random distribution of occupied sites!: the solid
FIG. 5. Comparison of simulated ~3! and experimental ~d! is-
land densities at a constant deposition rate F50.000695 ML/s for
different coverages and varying deposition/measurement tempera-
tures around 125 K, accounting for post-deposition processes dur-
ing a waiting period of 3600 s at the deposition temperature. Exact
coverages and temperatures are indicated in Table I. The above
simulations with varying T include NNN aggregation. The corre-
sponding results for fixed temperature of 125 K are shown as a full
curve, and for NN aggregation as a dashed curve.
TABLE I. Coverage, island density and deposition/measure-
ment temperature for the measurements and simulations displayed
in Fig. 5.
Coverage ~ML! Island density @site21# Temperature ~K!
4.87E23 4.10E23 124
9.38E23 7.70E23 121
1.81E22 1.56E22 121
1.81E22 1.42E22 128
2.71E22 1.74E22 126
2.71E22 1.80E22 125
3.61E22 2.31E22 121
5.42E22 3.30E22 124
5.42E22 3.00E22 124
7.51E22 3.89E22 126
9.04E22 2.67E22 128
9.04E22 4.61E22 124
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horizontal line represents the corresponding value of the
island-plus-monomer density at 0.1 ML.
IV. DISCUSSION
The high-quality STM data presented above provides the
most comprehensive and precise picture available of sub-
monolayer nucleation and growth at low T in the Ag/Ag~100!
system. The observations are entirely consistent with a pre-
vious high-resolution LEED study of island distributions
formed by depositing 0.3 ML of Ag on Ag~100! between 170
and 295 K.32 However, noise in the diffracted intensity data
limited the accuracy of the assessment of the Arrhenius be-
havior, and the availability of only reciprocal-space informa-
tion inhibits a precise assessment of real-space island densi-
ties, particularly at lower T.
The fairly simple atomistic modeling above is very suc-
cessful in providing a coherent description of both the high-T
behavior and of various aspects of the low-T behavior. Mod-
eling is simplified by two features of the Ag/Ag~100! system:
the irreversible island formation is in the entire T range, and
the insignificant dimer mobility, so the single controlling pa-
rameter is h/F . The model results do depend on choices such
as the specific rule for aggregation. However, this can be
selected based on semi-empirical analyses of the energetics,
which show that most processes are either very active or
inactive, so actual values of activation barriers are not
important.
It is appropriate to note the strong sensitivity of the post-
deposition dynamics to temperature. A difference of only 5 K
for T around 120 K changes h by a factor of 5, leading to a
corresponding rescaling of the relaxation time. For example,
there are noticeable differences in the simulated densities in
Fig. 5 if one allows a post-deposition quench to 120 K. In
general, one could ask, how sensitive are the post-deposition
processes of diffusion-mediated nucleation and aggregation
to fluctuations. Studies of such processes for an initial ran-
dom distribution of adatoms have focused on the low-density
regime, and reveal anomalous fluctuation-dominated behav-
ior only for reversible island formation (i.1),33 conditions
which are not relevant to our low-T studies.
Another issue of much current interest is the shape of the
island size distributions for different nucleation processes.
However, most studies suffer from limited experimental sta-
tistics, and also from misperceptions regarding theoretical
predictions. The density of islands of size s is usually written
as Ns} f (s/sav). A commonly assumed monomodal form34
of f }x exp@20.27x3.7# has f (0)50, whereas simulations23
and an exact theory11 show that f (0).0. Furthermore,
analysis of experiments is complicated by the feature that
small islands can disappear quickly after deposition, leading
to distributions with f (0)’0.35 An analysis of rather noisy
data for Ag/Ag~100! finds f (0) negligible at higher T ~cf.
Refs. 15 and 36!, but increasing significantly by 160 K. This
trend toward monotonically decreasing f vs x with decreasing
T has been seen in previous studies, and attributed to post-
deposition effects.1 However, it should be noted that the
same trend is clearly apparent in simulations without post-
deposition relaxation, being due to deviations for lower h/F
from the asymptotic scaling form.23
Various refinements are still possible in the analysis and
modeling. We have neglected dimer mobility in our model-
ing because previous asymptotic flux scaling experiments at
high T ~300 K! had indicated that this is not important.15 On
the other hand, if significant dimer mobility were introduced
into the modeling, we would nevertheless expect that the
quality of the fit to the experimental data in Fig. 6 could be
maintained, e.g., by increasing the barrier for monomer dif-
fusion and at the same time introducing dimer ~or trimer!
diffusion!, so as to maintain the measured island density at
300 K. For test purposes we have inhibited corner rounding
of atoms at island edges to explore the effects of more rami-
fied islands,25 but this is found to have little effect in the
present system. Finally, one could incorporate a possible T
dependence in the prefactor for adatom hopping, but this
dependence is expected to be weak.36
V. CONCLUSIONS
Based on comparative VT-STM experiments and KMC
simulations of a simple atomistic model for metal-on-metal
epitaxy, we have shown for a test system, Ag/Ag~100!, that
the basic processes and parameters derived for modeling
high temperature growth give a correct description also of
the behavior in the low temperature limit, close to adatom
FIG. 6. Comparison of experimental ~d! and simulated island-
plus-monomer densities at different temperatures (F
50.006 ML/s,udep50.1 ML): ~a! directly after deposition ~dashed
curves!; and ~b! after a waiting time of 3600 s where the sample
was allowed to cool down, following the temperature-time relation
described in the text ~full curves!. We furthermore compare simu-
lation results for NNN aggregation ~thick curves!, and just NN ag-
gregation ~thin curves!. The horizontal line corresponds to statistical
growth. The inset compares the island-plus-monomer density di-
rectly after deposition of 0.1 ML ~solid curve—corresponding to
thick dashed line in the main plot! with its maximum value obtained
by continued deposition ~dashed curve! for different temperatures in
the NNN aggregation model (F50.006 ML/s).
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immobility. The considerable deviations of the island-plus-
monomer densities obtained at these low temperatures from
a simple Arrhenius behavior can be quantitatively explained
by properly accounting for post-deposition processes, spe-
cifically post-deposition nucleation and post-deposition
growth. Time-dependent variations in the low temperature
island-plus-monomer density, and the evolution of these
properties with coverage, can also be quantitatively repro-
duced by simulations. This extends the regime accessible for
nucleation and growth studies far beyond the regime of
h/F.105 considered in most previous studies. It allows the
description of nucleation and growth processes in one con-
sistent scheme, down to the regime of almost immobile
adatoms.
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